and H.Rozeboom, unpublished observations). The lack of additional structural information on the NP family is especially The present study concerns the use of site-directed mutaunfortunate in the case of NP-sub, since this enzyme is used genesis experiments to optimize a three-dimensional model in various industrial processes that could be improved if of the neutral protease of Bacillus subtilis (NP-sub). An rational manipulation of NP-sub properties would be possible. initial model of NP-sub was constructed using the crystal NP-sub-shares 47% sequence identity with thermolysin.
structures of the homologous neutral proteases of Bacillus
Studies of structures of homologous proteins (Chothia and thermoproteolyticus (thermolysin) and Bacillus cereus as Lesk, 1986; Sander and Schneider, 1991) suggest that a model templates. The largest portion of NP-sub could be modelled based on such a degree of sequence identity is often fairly satisfactorily, using standard techniques, but several accurate in the core region, but larger errors are to be expected surface-located regions could only be modelled with a in surface-located regions. A good model of the latter regions high degree of uncertainty. In order to make the model is of particular importance for engineering the stability of more reliable in these regions a 'model building by mutaaspecific proteases such as subtilisin and NPs. Surface-located genesis' approach was adopted. Mutations were designed regions are of major importance in the partial unfolding such that their effect on thermal stability could indicate processes that render the protease susceptible to autolysis and how their local environment should be modelled. This that are the rate-limiting step in the thermal inactivation approach provided insight in the local structure of several process (Dahlquist et al., 1976; Braxton and Wells, 1992 ; regions in NP-sub that were hard to model on the basis of Vriend and Eijsink, 1993; Kidokoro et al., 1995) . This is homology with the two known structures alone.
illustrated, for example, by the fact that the difference in Keywords: Bacillus subtilis/homology modelling/mutagenesis/ thermal stability between NP-ste and thermolysin (86 % neutral protease/surface loops sequence identity) is caused by surface-located amino acid substitutions only (Eijsink et al., 1995) . These results indicate that a general strategy for the stabilization of NPs by mutagenIntroduction esis must start with the reduction of the mobility of surface The merits of modelling proteins based on homology to a areas, that is, those areas that are the least well 'defined' in known structure have recently been reviewed at the Asilomar structural models built by homology. meeting on the assessment of protein prediction techniques
In order to refine some poorly defined regions in the model (Moult et al., 1995) . This world-wide modelling experiment of NP-sub, a 'model building by mutagenesis' strategy was made clear that model building by homology is a viable adopted. Site-directed mutations were introduced in surfacetechnique to arrive at three-dimensional coordinates of protein located areas and the effect of the mutations on stability was structures when the sequence identity between the model and used to shed light on conformational details in these regions. the structure is high. Models become less precise when the Compared with the previously available NP-sub models, the sequence identity between model and structure is lower. new model, obtained after both computational and 'model Modelling surface-located loops is not reliably possible with building by mutagenesis' strategies, contains fewer areas that today's techniques (Mosimann et al., 1995) . Here we report should be defined as 'definitely wrong' and more areas that can attempts to improve the modelling of surface loops in the be defined as 'probably right'. neutral protease of Bacillus subtilis (NP-sub) by incorporating data from specifically designed site-directed mutagenesis Materials and methods experiments in the modelling process.
Model building Several members of the bacterial genus Bacillus secrete metalloendopeptidases, which are also called neutral proteases All modelling studies were carried out on Evans and Sutherland ESV10 and Silicon Graphics 4D/35 interactive graphics (NPs). The NPs form a group of highly homologous enzymes Fig. 1 . Sequence alignment of NPs. The rows under the amino acid sequences display information concerning the structure of thermolysin and the NP-sub model. SEC: backbone conformation in thermolysin; S, β-strand; H, α-helix. BAD: ? indicates residues located in the problem regions identified during the homology model building phase (see text). NOW: estimated quality of the model after mutagenesis studies; ϩ, mutagenesis results were beneficial for the modelling process; -, mutagenesis was performed but did not provide clues for the modelling process; ?, mutants suitable to probe the local conformation could not be designed. Throughout this study residues are numbered according to the thermolysin sequence. Insertions in NP-sub are numbered by the preceding thermolysin residue followed by A, B, C, etc. systems using the programs WHAT IF (Vriend, 1990) and were compared and the rotamer was taken from the X-ray structure displaying the highest sequence identity in the direct InsightII (Dayringer et al., 1986) . For molecular dynamics and energy minimizations, GROMOS (Van Gunsteren and three-dimensional environment; (c) if the NP-sub sequence was identical with only one of the two structures, the rotamer Berendsen, 1987) and Discover (Biosym Technologies, San Diego, CA) were used.
of that structure was used; (d) the remaining residues could not be modelled based on either of the two structures. In these The degree of sequence identity between NP-sub and either of the two structures is roughly identical. We chose the cases a position-specific rotamer search as described by De Filippis et al. (1994) was performed to select the most probable thermolysin backbone as the main structural template, since the thermolysin structure is better refined than the NP-cer conformation.
2. Surface loops. Surface loops without insertions and structure (Holmes and Matthews, 1982) . The model was built in seven steps, as follows.
deletions were modelled using similar criteria to those used for modelling the core. NP-sub loops that clearly showed 1. Core regions. As the first step, the complete core was built. The thermolysin backbone was maintained, which higher sequence similarity to either of the two structures were modelled using the more similar structure. In other cases the reduced the modelling to positioning side chains. Their conformations were determined as follows: (a) wherever the loop was modelled using the structure that had the higher sequence identity in the direct three-dimensional environment. three sequences were identical and thermolysin and NP-cer had the same rotamer, the thermolysin side chain was kept;
3. Deletions and insertions. These were modelled manually or by database searches for matching fragments as described (b) if the three sequences were identical but the thermolysin and NP-cer rotamers differed considerably, the local environments by Jones and Thirup (1986) . The sequence alignment shown in Figure 1 reveals six deletions and three insertions in NPparts of the model. In this stage the steps 1-5 were iterated for several regions of the protein. sub relative to both structures and one insertion in NP-sub relative thermolysin only.
Mutagenesis and production of the mutated proteins 4. Stereochemical optimization of the model. The model was
Cloning, subcloning and site-directed mutagenesis of the examined for unfavourable van der Waals overlaps, which NP-sub gene were performed either as described by Eijsink were removed manually by minimal rotation around side-chain et al. (1992a) or by Margarit et al. (1992) . The wild-type torsion angles. A short energy minimization was carried out sequence of the NP-sub gene has been described by Yang to produce a first version of the complete model. This energy et al.(1984) . minimization was performed in vacuo.
The culturing of B.subtilis strains harbouring a plasmid that 5. Model quality. The quality of the model was evaluated contains a wild-type or mutant NP-sub gene, the purification manually and by using a variety of computational techniques of NPs from culture supernatants and the analysis of the purified implemented in the WWW-based Biotech structure and model enzymes by SDS-PAGE have been described previously (Van verification server (http://biotech.embl-heidelberg.de:8400/).
den Burg et al., 1989; Eijsink et al., 1992a; Frigerio et al ., Most quality indicators were within normal ranges. As 1996) . With the exception of the D226N mutant, all mutants expected, some surface-located regions, especially near inserdescribed in this study had specific activities towards casein that tions or deletions, were poorly modelled. Regions where were similar to the specific activity of the wild-type enzyme. experimental data could help in the modelling process were Thermal stability measurements identified manually.
6. Mutagenesis. Mutations were designed that could provide The thermal stability of the purified enzymes was determined by measuring the irreversible inactivation which results from information about regions in NP-sub that were considered to be less precisely modelled. These mutations were designed unfolding and subsequent autolysis at elevated temperatures (Eijsink et al., 1992a) . The enzymes were diluted to~0.1 µM to have an effect on the thermal stability that would be attributable to local structural characteristics.
(~3 µg/ml) in 20 mM sodium acetate (pH 5.3), 5 mM CaCl 2 , 0.4% propan-2-ol, 50 mM NaCl. The diluted enzymes were 7. Evaluation of mutational effects. The agreement between the predicted effects and the observed ∆T 50 values (Table I) incubated at various temperatures for 30 min. Subsequently, the residual proteolytic activity was determined using a was used for further evaluation and adjustment of the concerned casein assay (Fujii et al., 1983) and expressed as percentage of the initial activity. Thermal stability was defined as T 50 , representing the temperature at which 50% activity was preserved after incubation for 30 min. Thermal stability of mutants was expressed as ∆T 50 , being the difference in T 50 between the mutant and the wild-type enzyme (the wildtype enzyme was included as a standard in each assay). The presented ∆T 50 values were derived from at least three independent ∆T 50 measurements. Errors in ∆T 50 lay within 30% of the value, with a maximum of 0.3°C.
Results

Initial model of NP-sub
Modelling the core region of NP-sub was fairly straightforward because 87 out of the 129 residues with less than 5 Å 2 accessible surface area are identical between NP-sub and either of the two structures. Nineteen more buried residues were conserved in their physico-chemical properties. More problems were encountered in modelling the surface. Out of the 123 amino acids differing between NP-sub and both NP structures, the Zn 2ϩ (larger sphere) and the two Ca 2ϩ ions bound to NP-sub. The red 85 were solvent exposed in the corresponding structure and stretches represent the problem regions that were subjected to mutagenesis 42 of these were found in non-helix, non-strand regions.
studies.
Difficult to model regions in the initial model were considered poor if they met one or more of the following criteria:
(1) in the modelling process an arbitrary choice between two have marginal (positive) effects on stability (reviewed by or more equally acceptable alternatives needed to be made; Matthews, 1991 and Fersht and Serrano, 1993 . Surface-(2) low packing quality (Vriend and Sander, 1993) or other located electrostatic interactions similar to those affected in trivially detected structural anomalies (Hooft et al., 1996) , the present study have previously been shown to be important such as bad torsion angles, buried unsatisfied hydrogen bond for NP stability (Eijsink et al., 1992b; Frigerio et al., 1996 ; donors/acceptors or highly exposed hydrophobic side chains, O.R.Veltman, B.van den Burg, G.Vriend, G.Venema and were observed; (3) large errors were observed at equivalent V.G.H.Eijsink, in preparation). positions in a model of NP-cer that was built on the basis of
The results are summarized in Table I and described in the thermolysin structure (Vriend and Eijsink, 1993) . In total, detail below. It must be noted that the thermal stability of NPs the following parts of the model were considered to be poor:
is determined by autolysis that is preceded by partial unfolding the N-terminal β-hairpin, seven out of the eight loops with (Dahlquist et al., 1976; Braxton and Wells, 1992 ; Vriend and deletions and insertions and the environment of residue 88 Eijsink, 1993; Kidokoro et al., 1995; Eijsink et al., 1995) . (Figures 1 and 2 and Table I ). We were fairly certain about Consequently, the magnitude of mutational effects is deterthe stretch around residue 63, but it was included in our studies mined by the location of the mutation or, in other words, by because it is a region of special importance for stability in the extent to which the mutated region is involved in rate-NP-ste (Van den Burg et al., 1994) and because it is related limiting partial unfolding steps. In fact, it has been observed to the uncertain N-terminal β-hairpin. The 10-residue deletion that fairly drastic mutations in the 'wrong' part of the protein between residues 246 and 257 was not included in our studies may leave the NP stability unchanged (Eijsink et al., 1995 ; since there was only one possible conformation for connecting V.G.H.Eijsink, G.Vriend and G.Venema, unpublished observathe helices on both sides of the deletion. tions). All mutations in this study concerned mutations at the protein surface, which is known to be important for NP Model building by mutagenesis stability (Fontana, 1988; Eijsink et al., 1995) . Thus, it was not Presumably poorly modelled regions (Figures 1 and 2) were unexpected that almost all mutations had significant effects on thoroughly inspected and for most of them mutations were stability (Table I ). The ∆T 50 values in Table I can, however, designed that, by their effect on thermal stability, could give be interpreted in qualitative terms only. Their most important information on the local fold. Mutations were as far as possible characteristic is their sign, indicating whether stabilizing interrestricted to residues with multiple side-chain interactions and actions have been improved or detoriated. Mutations with no limited side-chain conformational space. This was done to effect on stability (Gln160 → Glu) must be interpreted with reduce the risk of 'induced fit' artefacts, that is, artefacts extra care, since in principle this may simply indicate that the resulting from the fact that an interaction that becomes possible mutated region is not involved in rate-limiting partial unfolding only after mutation may cause the introduced side chain to be processes. located at a position where the wild type side chain is unlikely to be located. Selection of this type of mutation implied that (A) The N-terminal β-hairpin and adjacent regions. The sequence alignment of the first amino acids of NP-sub, NPall salt bridges that were affected in the present study consisted of at least one residue of which the side chain was conformacer and thermolysin is arbitrary, owing to the low homology and to the absence of three residues in NP-sub. The structure tionally heavily restricted and not well solvated. Thus, all salt bridges introduced or detoriated in this study were expected in this region is rather extended, which makes it difficult to model any deletions. We built the model using the alignment to be clearly stabilizing, as opposed to salt bridges involving well solvated side chains, which are generally considered to of Figure 1 , in which the deleted residues are entirely located suggest that the N-terminal strand in NP-sub is located in a similar position to that in thermolysin and in NP-cer, meaning that Ala1 corresponds to Thr4 of the X-ray structures. In a recent study, Frigerio et al. (1996) manipulated the stability of NP-sub in a rational way by introducing a series of mutations clustered around residue 63. For mutant design and the rationalization of mutational effects, these authors used a model in which the complete N-terminal β-hairpin had the same conformation and location as in the two crystal structures. Three different mutations in the N-terminal β-hairpin (positions 9, 11 and 17) gave predictable results, strongly indicating that the model was correct.
(B) Loop region around residue 300. The alignment shows a deletion of two residues in NP-sub near residue 300 ( Figure  1 ). This region consists of a loop (residues 297-299) connecting the N-terminal end of helix 300-314 with the C-terminal end of the preceding helix 280-296.After an extensive study of the X-ray structures, it was concluded that there are only two ways that this deletion can be modelled. In one alternative, the N-terminal turn of helix 300-314 is kept as observed in thermolysin and the deletion is placed in the loop ( Figure 4A ). In a second alternative, one helical turn is unwound to keep the number of residues in the loop the same as in thermolysin ( Figure 4B ). In the first alternative, the solvent-exposed Lys305 is far away from the N-terminal end of the helix and thus it is not positioned close to the positive pole of the helix dipole. Moreover, its positively charged amino group is at salt bridgeforming distance of Asp302. In the second alternative, there is a charge repulsion between Lys305 and the helix dipole and aspartate seems to be favourable only if the second alternative is valid. The Lys305 → Ser (ϩ1.0°C) and Lys305 → Asp (ϩ1.2°C) mutations both had positive effects on the thermal at the beginning of the strand. Three mutations were designed stability of NP-sub (Eijsink et al., 1992b) , indicating that the to verify the model in this region.
second alternative ( Figure 4B ) is correct. (A1) Ala4 → Thr. Figure 3 displays the structure of the (C) Extended loop 215-227. The loop 215-227 was particularly N-terminal region. Since a β-strand is presumed to be rigidihard to model because it does not display sequence homology fied by mutations that introduce a β-branched residue with either thermolysin or NP-cer. Additionally, there is an (Finkelstein, 1995; Wouters and Curmi, 1995) , the proposed insertion of four residues in NP-sub in this region. The mutation Ala4 → Thr is expected to stabilize NP-sub. The modelling process was further complicated by the fact that side chain of this threonine displays close contacts with its there are only few contacts between this loop and the rest own backbone only, when it is modelled in the most preferred of the molecule. Mutagenesis in this region included two rotamer. Hence, on the basis of the predicted backbone large mutations: in mutation DEL, the complete 215-227 conformation, any observed effects of the mutation can be stretch in NP-sub was replaced by the corresponding stretch attributed solely to reduced mobility. Upon the Ala4 → Thr in thermolysin; mutation BETA concerned the introduction mutation indeed a small (0.6°C) but significant increase in T 50 of a β-hairpin (247-256) that is only present in the more was observed.
thermostable NPs and that has important contacts with the (A2) Glu25 → Gln. A salt bridge is observed between Glu25 215-219 region (Figures 1 and 5) . and a conformationally restricted Arg31 in the NP-sub model (C1) Beginning of the loop: BETA ϩ DEL, Asn219 → Lys. (Figure 3 ). In NP-cer and thermolysin both the negatively Introduction of the BETA mutation only resulted in marginal charged Glu and the positvely charged Arg are replaced by stabilization of NP-sub, but the effect was larger (ϩ1.1°C) uncharged residues and the additional three N-terminal residues in mutants containing additional 'NP-sub → thermolysin' are located in the space occupied by the 25-31 salt bridge in mutations in the 215-219 region (either the DEL mutation or the NP-sub model. We did not mutate Arg31 since in an Arg31
Asn216 → His only; Eijsink et al., 1992c; Hardy et al., 1994) . → Xxx mutant Glu25 would still be capable of favourable Apparently, the stabilizing contacts between the 215-219 electrostatic interactions with the N-terminus, which could region and the 247-256 β-hairpin are also possible in the NPcompensate the disruption of the existing salt bridge. Removal sub variants. From this we conclude that at least residues 216 of the charge of Glu25 would, however, undoubtedly result in and 217 have a similar conformation in NP-sub, NP-cer and decreased stability if the initial model depicted in Figure 3 thermolysin. were correct. Decreased stability was indeed observed after
In thermolysin and NP-cer close interactions exist between the Glu25 → Gln mutation (Table I) (C2) Centre of the loop: Gln160 → Glu. In thermolysin and NP-cer the side chain of Glu160 forms H-bonds with the backbone of Phe281 and the side chains of Tyr217 and Arg220. In NP-sub the H-bond with the OH of Tyr217 seems to be conserved, as is the H-bond with the backbone of Phe281 in the N-terminal turn of the 280-296 helix. The Arg at position 220 is not present in NP-sub, which has Arg at position 220A instead (Figure 1 ). The position of Arg220A was verified by the Gln160 → Glu mutation, assuming that this mutation would be beneficial in case the side chains of residues 160 and 220A were interacting. The mutation Gln160 → Glu did not affect the stability of NP-sub, which is likely to reflect the fact that the side chain of Arg220A is not pointing in the direction of residue 160. However, since the side chain of residue of 160 is largely solvent-exposed and already involved in several hydrogen bonds and since the 'unknown' Arg220A may be fully solvated, it can, not be excluded that a salt bridge between Glu160 and Arg220A is formed but that its effect on stability is not noticable.
(C3) End of the loop: Asp226 → Asn. The mutation Asp226 → Asn was designed to probe the favourable interactions of the negatively charged Asp residue with the positive end of the subsequent α-helix and with His231 in the active site ( Figure 6 ). If Asp226 is located similarly in NP-sub as in the two X-ray structures, both a destabilization and a change in specific activity are expected upon the mutation. These effects were indeed observed (Table I ; the effects on activity are currently being studied in more detail and will be published elsewhere). The effect of the Asp226 → Asn mutation turned out to be pH dependent, confirming the electrostatic character the position of residue 226 is the same in NP-sub as in the two structures, it is not possible to model residue 227 in any other way than as in the two structures. (Figure 5 ). Introduction of the Asn219 → Lys mutation in
In conclusion, the mutations described under C1-C3 indicate NP-sub resulted in a destabilization which could be almost that the coordinates for the backbone and, where applicable, completely compensated by adding BETA (Table 1) . This the side chains of NP-sub residues 216, 217, 218, 219, 226 compensation is likely to result from interactions between and 227 are likely to be similar to those of the corresponding Lys219 and Tyr251, similar to those observed in thermolysin and NP-cer. residues in the thermolysin structure.
(E) Local backbone refinement: Phe88 → His. The threedimensional structure around residue 88 is significantly different between thermolysin and NP-cer. Residues 86 and 89 are involved in crystal contacts in NP-cer only, which could explain the structural difference with TLN. Nevertheless, choosing the thermolysin structure for the NP-sub model was not obvious, since the residue at position 88 in NP-sub is a Phe (as in NP-cer) and not a His (as in thermolysin). In thermolysin the Nε2 of His88 and the OH of the conserved Tyr83 form a buried H-bond, whereas in NP-cer the different backbone conformation around position 88 does not allow a close interaction between these two side chains. The mutation Phe88 → His would therefore stabilize NP-sub when the backbone conformation around residue 88 is similar to thermolysin. A destabilization is expected if the local backbone is more similar to NP-cer, because of the introduction of a buried unsatisfied H-bond donor/acceptor. A small but significant destabilization (0.5°C) was obtained upon the Phe88 → His mutation, suggesting that NP-sub looks more like NP-cer than like thermolysin is this region.
Discussion
The accuracy of neutral protease models built by homology could be estimated after the crystal structure of NP-cer became available (Stark et al., 1992) . A model of this NP, which shares 73% sequence identity with thermolysin, had been built before any information derived from crystals was available. The atomic misplacement in this model, measured as root mean square deviation (r.m.s.d.) for all atoms, turned out to be 1.26 Å (Vriend and Eijsink, 1993 ). This error is dominated bending between domains (Holland et al., 1992 (Holland et al., , 1995 Van (see text, point C3) . Aalten et al., 1995) . The latter can be compensated for by comparing individual domains/regions of the two structures, giving 1.11, 1.31 and 1.01 Å for the N-terminal, middle and C-terminal domains, respectively (Vriend and Eijsink, 1993) . (D) Insertion between 33 and 38: Lys35 → Arg; Gln38 → Glu. A number of alternative backbone conformations were For residues with less than 10 Å 2 solvent-exposed surface area, the r.m.s.d. was reduced to 0.55, 0.77 and 0.55 Å, proposed to accommodate a two amino acid insertion in a difficult-to-model surface loop between residues 30 and 40 respectively. The modelling of NP-cer gives an indication of the accuracy (Figure 1) . To address the conformation of this loop, residues 35 and 38 were mutated. In its preferred rotamer, the side that can be expected for the NP-sub model before mutagenesis studies. NP-sub has lower sequence identity with thermolysin chain of Gln38 points into the direction of the conformationally restricted side chain of Arg31. A glutamate at this position than NP-cer and the model is thus expected to be less accurate.
On the other hand, the model of NP-sub was built on the (which has the same preferred rotamer) could give favourable electrostatic interactions and therefore the Gln38 → Glu basis of two, instead of one, crystal structures. Furthermore, improved modelling techniques were used, most notably posimutation was predicted to be stabilizing. In thermolysin and NP-cer the conformationally rather restricted side chain of tion specific rotamers searches (De Filippis et al., 1994; Chinea et al., 1995) . In the NP-sub model the domains are oriented Arg35 is expected to contribute to stability because it takes part in several hydrogen bonds and salt bridges (with conserved as in the thermolysin structure (3TLN/8TLN) found in the structure database (Bernstein et al., 1972) . In this structure, residues Asn21, Asp32 and Asp82; Asp32 is almost completely buried). The importance of such a cluster of interactions has a dipeptide is bound in the active site and the active site cleft is more 'closed' than in the peptide-free NP-cer (Holland been illustrated by other mutagenesis studies (Horovitz et al., 1990; Fersht and Serrano, 1993) . A Lys at this position et al., 1992) . Thus, the NP-sub model probably represents the situation in the presence of a substrate. The difference between would give less favourable hydrogen bonding and electrostatic interactions. Thus, the Lys35 → Arg mutation in NP-sub the 'closed' and 'open' conformations is of limited importance for the rational design of stabilizing mutations, since the latter should be stabilizing, provided that residue 35 is located at approximately the same position as in the two structures. Both largely involves local interactions. The mutation studies described above gave indications about mutations resulted, however, in a destabilization of NP-sub (Table 1) . We were not able to remodel the loop between how to model several regions that were considered unreliable in the initial model of NP-sub. Some mutations did not help residues 30 and 40 such that these destabilizations could be explained and it must therefore be concluded that the model to optimize the model, either because they did not change T 50 (see point C2) or because the observed effect did not agree was and still is wrong in this region.
